The estrogenic flavanone rac-8-prenylnaringenin (8-PN) and 3 derivatives (rac-7-(O-prenyl)naringenin-4)-acetate (7-O-PN), rac-5- (O-prenyl)naringenin-4),7-diacetate (5-O-PN), and rac-6-(1,1-dimethylallyl)naringenin (6-DMAN) were prepared by chemical synthesis and analyzed with respect to their toxicity and possible cell cycle effects in human acute myeloid leukemia (HL-60) cells. With the exception of 5-O-PN, all the other naringenins showed only weak toxic effects at concentrations below 50 Ìmol/l. A cell cycle analysis over several cell generations up to 4 days was carried out using the fluorescent dye carboxyfluorescein diacetate N-succinimidyl ester (CFSE) followed by propidium iodide (PI) staining at the end of the experiment. The well-studied flavonol quercetin was included in the analysis as a reference substance. All flavonoids affected cell proliferation, but the extent and the resulting changes in the proliferation pattern were specific for each substance. In contrast to the radical scavenging activity of quercetin, the tested flavanones showed no anti-oxidative properties using several different test systems. Similarly, the mitochondrial membrane potential (¢aem) was hardly effected by these compounds, while both menadione and quercetin strongly reduced the potential after 1 h of treatment. The reported chemical modification of interesting lead substances (like the strongly estrogenic 8-PN) presents a promising approach to modulate the properties of a relevant substance in a pharmacologically desirable way. The low toxicity and weak cytostatic properties of the tested naringenin derivatives is encouraging for further studies on known naringenin target molecules.
Introduction
The prenylated flavanone 8-prenylnaringenin has been shown to be highly estrogenic [1, 2] and acts as an agonist of the human estrogen receptor. The substance is present in the flowers of hops (Humulus lupulus L.) and its estrogenic activity is thought to be responsible for menstrual disturbances of female workers picking hops by hand [3] . The substance isolated from hops was shown to contain similar amounts of both (R)-and (S)-enantiomers and showed similar binding characteristics to both ·-and ß-estrogen receptor isoforms [1] . 8-PN and three other related flavanones were synthesized in high purity (199%) as described in part before, and the biological activity of 8-PN with respect to estrogenicity has been confirmed [2, 4] . Because of the potential pharmacological use of 8-PN and derivatives, the biological properties of these compounds are of interest. In addition, it was our aim to demonstrate that flavanones can be synthesized chemically with high efficiency and good yield thus making future pharmacological experiments more attractive.
While the estrogenic activity of 8-PN has been addressed by several authors, other biological effects have not been studied in detail. It has become increasingly clear from a number of studies with different flavonoids that substitutions in the A, B, or C ring ( fig. 1a ) may profoundly affect the biological activity. Prenylation is a case in point and may result in stronger or altered activity concerning cell proliferation in different cancer cell lines [5] or the inhibition of the human P450 enzyme CYP1A2 [6] . Other minor structural changes in flavonoids may strongly affect the biological activity of the target molecules, for example, enzymes or receptor molecules. Flavonoids and their known targets are well suited to analyze functional correlations between the chemical structure and the functional consequences. For example, some flavanones (including naringenin) and isoflavones inhibit aromatase. By site-directed mutagenesis of the gene coding for aromatase, structural properties pertinent to the specific function could be described [7] . Structural features also determine the strong scavenger activity for reactive oxygen species (ROS) of some flavonoids [8] [9] [10] . Quercetin has a strong scavenging potency [11, 12] and for this reason we have used quercetin as a reference flavonoid in an analysis of the antioxidative potency of the naringenin derivatives that are the subject of this study. The ability of quercetin and many flavonoids to act as scavengers for ROS is thought to be a major reason for the beneficial effects of dietary flavonoids.
The cell cycle is a highly controlled process and easily disrupted when cellular functions become disturbed by xenobiotics or under conditions of stress. For this reason, cell cycle analysis is a sensitive test for the toxicity of test compounds. In the case of quercetin and genistein a phase-specific inhibition of the cell cycle has been reported and these cytostatic properties have been of pharmacological interest. In human OCM-1 melanoma cells the presence of a hydroxyl group at the 3) position of the ring B in quercetin and luteolin was shown to correlate with cell cycle arrest in G 1 , while its absence in kaempfer- 
ol and apigenin correlated with a G 2 block. Genistein with a hydroxyl at position 5 of ring A arrested cells in G 2 , while daidzein which lacks this group induced an accumulation of cells in G 1 [13] . Antiproliferative activities were commonly observed when studying the biological effects of flavonoids [14] . In these and many other in vitro studies, the flavonoid concentrations were high and often exceeded 100 Ìmol/l. Such concentrations are clearly not physiological and must be interpreted with caution. For this reason, we have used concentrations below 100 Ìmol/l in all experiments of this study.
Another sensitive and quite different indicator for cell toxicity is the induced reduction in the mitochondrial inner transmembrane potential (¢aem). Recently, mitochondria have been shown to play a key role in apoptosis through the release of cytochrome c in response to many anticancer drugs and cellular stress [15, 16] . In many apoptotic pathways, the mitochondrial transmembrane potential collapses [17] , indicating the opening of the socalled mitochondrial permeability transition pore. Even when a temporary reduction in the transmembrane potential does not result in apoptosis the effect on the potentialdependent proton pump will lead to decreased ATP production [18, 19] . In this study we examined the effects of the flavonoids on the mitochondrial membrane potential using the fluorescent potential-sensitive dye JC-1. 
Materials and Methods

Chemistry
The following substances were used in this study ( fig. 1 
, and rac-6-(1,1-dimethylallyl)naringenin (6-DMAN). The preparation of 5-O-PN, 8-PN and 6-DMAN in high purity (1 99%) was described in detail previously [4] , while 7-O-PN was obtained as a minor byproduct during the preparation of rac-5-(O-prenyl)naringenin-4),7-diacetate (5-O-PN) from rac-naringenin-4),7-diacetate [4] . Separation of the crude product mixture by flash chromatography (ethyl acetate/pentane, 1:2) followed by recrystallization from a diethyl ether/pentane mixture gave pure 7-O-PN (9% chemical yield, 1 99% purity) as a white solid. The presence of the prenyloxy substituent at C (7) 
Cell Culture
Acute myeloid leukemia cells (HL-60; DSMZ, Germany) were maintained in RPMI 1640 medium with 10% heat-inactivated fetal calf serum (Gibco, France). Cells were grown at 37°C in a humidified 5% CO 2 atmosphere and maintained at a density of 2 ! 10 5 to 1 ! 10 6 cells/ml by resuspending the cells in fresh culture medium every 2 days. Human breast adenocarcinoma cells (MCF-7 cells; DSMZ, Germany) were cultured in Dulbecco's medium without Phenol Red (Biochrom). For experimental analysis the cells were suspended with fresh medium in a centrifuge tube and centrifuged for 5 min (20°C) at 115 g. The cell pellet was resuspended in fresh medium and 50,000 cells/well were pipetted into a 96-well plate and left to recover for 24 h under standard conditions (37°C, 5% CO 2 ) before they were subjected to the treatments described below.
Toxicity Tests
Cytotoxicity of the test compounds was determined using a resazurin-based test [20] . The cells were incubated for up to 144 h in medium containing the test substances at different concentrations ranging from 1 to 50 Ìmol/l. Since the substances were dissolved in DMSO (50 mmol/l stock), the concentration of DMSO was adjusted to 0.1% DMSO (14 mmol/l) in all samples including the control. Resazurin (0.5 mmol/l in PBS diluted 1:10 with medium) was added, the cells incubated for 3 h and the fluorescence of the formed resorufin measured (excitation 544, emission 590 nm) in a microplate reader (FLUOstar; BMG, Germany).
Effects on Cell Proliferation
HL-60 cells were stained with carboxyfluorescein succinimidyl ester (CFSE; Molecular Probes, Eugene, Oreg., USA) as described by Lyons [21] and Parish [22] . Cells were incubated at 37°C in PBS containing 10 Ìmol/l CFSE for 10 min, washed and placed in culture medium (approximately 2 ! 10 5 cells/ml) 1 h before the exposure to the 4 test compounds 5-O-PN, 6-DMAN, 7-O-PN, 8-PN (5 and 50 Ìmol/l). Since the flavonoid stock solutions were prepared in DMSO, all cultures were made in 0.1% DMSO (14 mmol/l) including the control sample. A second control sample with high DMSO content (1.2%, equivalent to 170 mmol/l) was prepared since under these conditions HL-60 cells differentiate into granulocyte-like cells. The same volume of the suspension cultures were harvested after 1, 2 and 4 days, fixed in 70% ethanol and stored overnight at -20°C. The cells were spun down again and the pellet was resuspended in PBS containing 50 Ìg/ml propidium iodide (PI) and 0.2 mg/ml RNase (Sigma, Germany) and incubated for at least 45 min. Between 1 and 5 ! 10 5 cells per sample were analyzed by flow cytometry (CyFlow, Partec, Germany). For each variable (exposure conditions, culture periods, etc.) six samples were quantified. The fraction of cells present in different cell generations and their representation in the respective cell cycle phases were calculated using the CyFlow software.
Antioxidative Effects
The oxidant menadione (2-methyl-1,4-naphthoquinone) was used to analyze the possible antioxidative activity of the flavonoids. The first test was based on the reaction of oxygen radicals with 2,2-diphenyl-1-picrylhydrazyl (DPPH; Fluka, Germany) and the radical scavenging activity of the flavonoids (concentration range 5-80 Ìmol/l) was tested in 96-well microtiter plates (NUNC, Germany) following the protocol of Wang et al. [23] . The absorption was measured at 517 nm in a microtiter plate reader (Spectra Rainbow, Tecan, Germany).
The (anti)oxidative properties of the test compounds were quantified by flow cytometry. Several fluorescence-based detection systems for different ROS are available and have been used to characterize the antioxidative properties of the flavonoids under study. 2),7)-Dichlorodihydrofluorescein diacetate (DCF; Fluka, Germany) is commonly used to detect the generation of reactive oxygen intermediates including hydrogen peroxide and nitric oxide [17, 24] . DCF passively diffuses into the cells, is deacetylated and subsequently oxidized to yield the highly fluorescent 2),7)-dichlorofluorescein diacetate [25] . Dihydrorhodamine-123 (DHR; Fluka, Germany) also passively diffuses across most cell membranes where it is oxidized to cationic rhodamine-123 which becomes localized in the mitochondria. DHR does not directly detect superoxide, but rather reacts with hydrogen peroxide in the presence of peroxidase, cytochrome c or Fe 2+ [26] . However, DHR also reacts with peroxynitrite, the anion formed when nitric oxide reacts with superoxide [27] . Hydroethidine (dihydroethidium (HE); Fluka, Germany) is rapidly oxidized by ROS to yield ethidium which intercalates with the cell's DNA so that bright red nuclei can be visualized in the fluorescence microscope [28] . Although HE is commonly used to analyze respiratory burst in phagocytes, it has been reported that this probe undergoes significant oxidation in resting leukocytes, possibly through the uncoupling of mitochondrial oxidative phosphorylation [29] . 4-Amino-5-methylamino-2),7)-difluorofluorescein diacetate (DAF; Molecular Probes, The Netherlands) is useful to detect nitric oxide production in living cells or solutions. The fluorescence quantum yield of DAF is reported to increase about 160-fold after reacting with NO [30] .
The staining procedure was basically carried out as described by [31] . HL-60-cells were incubated in medium containing the flavonoids (10 Ìmol/l) for 60 min, then treated with the oxidant menadione (final concentration 20 Ìmol/l) for 60 min, and incubated in either 10 Ìmol/l DCF, 5 Ìmol/l DHR, 5 Ìmol/l HE or 5 Ìmol/l DAF for additional 30 min. The cells were centrifuged again to replace the medium with PBS and the fluorescence was determined by flow cytometry (Cyflow).
Mitochondrial Membrane Potential
The mitochondria-selective indicator for the membrane potential 5,5),6,6)-tetrachloro-1,1),3,3)-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) was purchased from Molecular Probes (Leiden, The Netherlands). This dye forms at high mitochondrial membrane potential (¢aem 1 140 mV) characteristic J aggregates with an emission maximum at 590 nm [32] . A decrease in ¢aem can be monitored as reduction in red fluorescence and an increase in yellow-green JC-1 monomers (emission maximum 527 nm). A stock solution of the dye (3 mmol/l) was prepared in DMSO and the effect of each flavonoid was tested at a concentration of 10 Ìmol/l. Cells were adjusted to a density of 0.5 to 3 ! 10 6 /ml, incubated in medium containing the test substances for 60 min and stained with JC-1 (10 Ìmol/l) for additional 30 min at 37°C. Cells were washed with PBS and the yellowgreen and red fluorescence quantified by flow cytometry (CyFlow). The effect of the oxidant menadione on the mitochondrial membrane potential was analyzed as positive control.
Statistics
The experimental data are expressed as the mean B SD of several independent experiments (see Results for details). The significance of the recorded effects was assessed by analysis of variance (ANOVA).
Results
The structures of the chemically synthesized flavonoids 8-PN, 7-O-PN, 5-O-PN and 6-DMAN are illustrated in figure 1. Based on previous studies using other flavonoids we expected that prenylation and the addition/ reduction of OH groups would alter the biological activity of the compounds. This expectation turned out to be correct as demonstrated by the various tests employed in this study.
Toxicity
The toxicity of the compounds was first tested using a general toxicity test based on the reduction of resazurin by metabolically active cells. The advantage of the test is that the fluorescent product resorufin can be quantified in the cell supernatant of the cell culture and the test can be scaled up for high throughput. For comparison we used two different human cell lines: the promyeloid leukemia cell line HL-60 which grows in suspension, and the adherent breast cancer cell line MCF-7. When the cells were grown in the presence of the different compounds for 48 h, differences became apparent both between the substances and between the two cell lines ( fig. 2) . 5-O-PN was very toxic for HL-60 cells at 10 Ìmol/l concentration (29% of control values, p ! 0.05), while a similar toxicity was only reached at 50 Ìmol/l for MCF-7 cells (32%, p ! 0.05). All other substances were less toxic and 6-DMAN and 7-O-PN reduced the resazurin level reproducibly in MCF-7 cells only at the highest concentration tested (50 Ìmol/l; p ! 0.05). 8-PN showed no toxicity in this test (p 1 0.05), but a difference between the two cell lines was apparent at 50 Ìmol/l (p ! 0.05). The experimental conditions (use of normal FCS, i.e. not dextran charcoaltreated) were optimized to study toxicity and not estrogenic effects. Nevertheless, in case of 8-PN the absorption levels were higher for MCF-7 cells compared to HL-60 cells presumably reflecting the fact that 8-PN is highly estrogenic and MCF-7 cells are estrogen-responsive with respect to cell proliferation.
Cell Cycle Analysis
In all further experiments we used exclusively HL-60 cells so that possible estrogenic effects could be neglected.
Tokalov/Henker/Schwab/Metz/Gutzeit These cells grow in suspension culture and can, therefore, easily be analyzed by flow cytometry. The proliferation was analyzed with the fluorescent stain CFSE which allows the distinction of successive cell generations as well as cell cycle arrested cells due to the fact that the fluorescence is roughly halved at every division [21, 22] . The reduction in CFSE fluorescence after 4 days of culture is illustrated in figure 3 . The control population (labelled '0' division) divides 3-5 times during this period of time. Additional information was obtained by analyzing the DNA content at the end of each experiment so that the distribution of the cells in the respective cell cycle phases and the fraction of hypodiploid cell could be determined in two-dimensional plots.
Quantitative data after 1 and 2 days of incubation are compiled in table 1. In each sample 50,000 cells were analyzed. DMSO (0.1%) was added to control cultures since DMSO was used as solvent for the test substances and was present at this concentration in all samples. The addition of such a small amount of DMSO did not significantly affect (p ! 0.05) the cell cycle distribution or the fraction of apoptotic or arrested cells (data not shown). Since high concentrations of DMSO result in the differentiation of HL-60 cells into granulocyte-like cells [33] , we also studied the effects of 1.2% DMSO on the cell cycle. With respect to apoptosis the effect was small but noticeable (11 B 1% after 48 h). Within 2 days the cells were arrested at the G 0+1 phase of the cell cycle as predicted (83 B 2%) and the effect was also clearly visible in two-dimensional plots after 4 days of culture ( fig. 3) .
At the highest concentration tested (50 Ìmol/l), all flavonoids were more or less toxic (table 1) so that after 24-hour incubations a substantial fraction of the cells became hypodiploid, the criterion used to identify nonviable (presumably apoptotic) cells 
The data show the effects of the test substances on the cell cycle of HL-60 cells after exposure for 1 and 2 days (average B SD of 6 independent experiments). Statistically significant differences (p ! 0.05) to control cultures are indicated in bold print. Since the flavonoids were dissolved in a DMSO stock solution, all cultures (including the control) were made 14 mmol/l (0.1%) in DMSO. 1 The percentage of hypodiploid cells (!2C DNA content) was calculated from the total number of cells. 2 The fraction of cell cycle-arrested cells was calculated from the total number of cells. On the 2nd day of culture, the percentage of hypodiploid cells tended to decrease presumably because some of the dead cells were degraded and were no longer scored by flow cytometry. However, since most normally proliferating cells have completed the second cell division (and hence possess at most a quarter the amount of CFSE) cell cycle-arrested cells can now be identified and the fraction of affected cells was considerable. The inhibition was particularly strong for 5-O-PN (43 B 2%) and for 6-DMAN (13 B 2%) at 50 Ìmol/l concentration. The fraction of cells that did cycle (set to 100%) was analyzed with respect to the cell cycle phases (table 1) . When compared to control cultures, some deviations from the normal cell cycle distribution were apparent. Interestingly, 8-PN tended to prolong the G 1 phase or to arrest cells in this phase, while quercetin-treated cells showed this effect in G 2 . The cell cycle distribution of 5-O-PN did not deviate much from the normal distribution presumably reflecting the high toxicity and the initiation of apoptosis particularly at G 1 and G 2 of the cell cycle.
When the experiment was extended to 4 days, the untreated (control) culture became heterogeneous with respect to the cell generation; some cells were already in the 5th division, while other cells had completed only 3 or arrest described above were still noticeable in two-dimensional plots representing both CFSE and PI fluorescence ( fig. 3 ). An interesting difference between 8-PN on the one hand and 6-DMAN and 7-O-PN on the other hand became apparent after 4 days that could not be seen after 2 days of culture (table 1) . While the cell cycle-arrested cells in the samples treated with 8-PN (or quercetin) never re-entered the cell cycle, the cultures treated with the flavonoids 6-DMAN and 7-O-PN merely slowed down the rate of division, and permanently arrested cells were not visible. In fact, the cells classified as 'arrested' after exposure to 6-DMAN and 7-O-PN (2-day incubations; table 1) may be more correctly described as very slow cycling. During the successive cell divisions and at least up to the 4th cell cycle ( fig. 3 ), some cells became hypodiploid. Cells treated with 1.2% DMSO became, as expected, arrested at G 1+0 due to the induced differentiation (see above).
Radical Scavenger Activity
Because of the medically relevant antioxidative property of many flavonoids, we studied the ROS scavenging activity of the naringenin derivatives and included quercetin as positive control. Quercetin is a known scavenger of hydroxyl, peroxyl and superoxide radicals [34] [35] [36] . A first indication of the scavenger activity is conveniently provided by the DPPH test. As expected, quercetin acted as an efficient ROS scavenger in this test (reduction by 37% at 100 Ìmol/l concentration, p ! 0.05). However, using the same experimental protocol, none of the naringenin derivatives gave a significant reaction (p 1 0.05).
In a second series of experiments we used the cell permeant indicators DCF, DHR, HE and DAF (see Materials and Methods for details) which after their reaction with ROS become fluorescent and their level in the cell can be quantified by flow cytometry. The mean intensity of control cells was set to 1 and deviation in the experimental samples calculated with reference to the control. The data obtained with the selected flavonoids and the oxidative stressor menadione (alone or in combination with the flavonoids) are shown in the figure 4. Menadione participates in oxidative cycling, which predominantly generates superoxide and more ROS by depletion of sulfhydryl groups [37] . Menadione alone (20 Ìmol/l) increased the level of fluorescence in all test systems, but the increase with reference to the control (= 1) was, as expected, quite different for the different indicator molecules and amounted to 28 B 5 (DCF, p ! 0.05), 13.7 B 0.1 (DHR, p ! 0.05), 6.3 B 0.6 (HE, p ! 0.05), and 1.8 B 0.6 (DAF, p 1 0.05).
Exposure of HL-60 cells to quercetin (10 Ìmol/l) for 60 min reduced the DCF fluorescence in controls significantly to 0.7 B 0.1 (p ! 0.05), an effect which was not observed using the other fluorescent ROS indicator substances (DHR 0.9 B 0.1, HE 1.4 B 0.2, and DAF 1.0 B 0.1; p 1 0.05). If the cells were treated with quercetin (10 Ìmol/l) prior to menadione (20 Ìmol/l), the DCF fluorescence was significant (12.0 B 4, p ! 0.05) but lower (p ! 0.05) than it was after treatment with menadione alone (28 B 5), thus reflecting the antioxidative proper- ties of quercetin. However, none of the other indicator substances showed this effect, indicating the different specificity of these indicators. The naringenin derivatives did not lower menadione-induced fluorescence levels and hence did not show an antioxidative activity in any of the applied test systems. To the contrary, a weak oxidative potential for 7-PN and 8-PN was noticed in some experimental test systems when the substances were tested alone or in combination with menadione ( fig. 4) .
Reduction in Mitochondrial Transmembrane Potential
Changes in the mitochondrial membrane potential (¢aem) can be reliably measured using the fluorescent indicator dye JC-1. A drop in the potential results in attenuated or abolished ATP production [38] and can, in some cases, indicate the initiation of an apoptotic process. In a series of experiments we treated HL-60 cells with each of the selected flavonoids alone (10 Ìmol/l) and, in addition, in the presence of oxidative stress induced by menadione (20 Ìmol/l). For each sample 50,000 cells were stained with JC-1, and analyzed by flow cytometry. While a high membrane potential results in red fluorescence, a shift to green fluorescence is observed as the potential drops (see Materials and Methods).
A clear decrease in the mitochondrial membrane potential was measured in cells stressed with menadione since almost all cells were found in the lower two quadrants (Q3 + Q4 = 98%) as illustrated in figure 5a. The same shift was found in menadione-treated samples which were also exposed to a naringenin derivative 8-PN) . None of the naringenins alone decreased the mitochondrial membrane potential so that the cells stained red and were located in the first quadrant in two-dimensional plots like the cells of the controls (8-PN Q1 = 99% and controls Q1 = 99%). However, quercetin strongly reduced the membrane potential and this was also observed in cells stressed with both quercetin and menadione.
The membrane potential ¢aem was quantified by calculating the ratio of the fluorescence intensity distributions of red to green fluorescence ( fig. 5b) . The control value was set to 100. None of the naringenin derivatives had a strong effect on the mitochondrial membrane potential (p 1 0.05) in contrast to quercetin (12 B 3, p ! 0.05). Menadione was effective alone (13 B 4, p ! 0.05) and in combination with all test substances (p ! 0.05). Apparently the strong radical scavenging activity of quercetin (see above) did not protect from menadioneinduced drop of ¢aem.
Discussion
The wide spectrum of different biological activities that have been described for flavonoids and the large number of compounds that have been identified in plants make flavonoids an ideal group of substances for studies relating structural properties to specific biological functions on known molecular targets. The possibility to chemically synthesize flavonoids offers new possibilities to study desirable or non-desirable biological effects of specific substitutions of the basic flavonoid structure. For example, it will be possible to remove unwanted (toxic) groups and to select particularly effective groups for the property desired (e.g. estrogenicity or inhibition of certain enzymes). While naringenin and 8-PN have been subject to several studies, the biological properties of the other 3 synthetically produced compounds (7-O-PN, 5-O-PN, 6-DMAN) are largely unknown. We have studied the biological properties of these compounds using the well-studied flavonol quercetin as a reference substance. Several tests were employed that give information on the general properties of the test substances and allow quantification of the effects on cell proliferation, energy production and cell survival.
The studied naringenin derivatives showed little toxicity with the exception of the synthetic 5-O-PN. This property is presumably due to the prenylation at position 5 and the concomitant loss of a hydroxyl group. The hydroxyl group of the A-ring seems to be important for the biological properties of prenylated flavonoids since 7-O PN showed much reduced toxicity in all test systems employed ( fig. 1) . Short of induced apoptosis, the less severe cellular reactions typically involve cell cycle arrest. The cytostatic properties of several flavonoids have been the subject of many studies. For example, the efficiency of 28 naturally occurring and synthetic flavonoids to inhibit cell proliferation of HL-60 cells was studied [39] . Miranda et al. [5] reported the anti-proliferative and cytotoxic effects of several of prenylated hop flavonoids on human cancer cell lines. The synthetic naringenin derivatives analyzed in the present study also showed anti-proliferative activity at least at the highest concentrations tested (50 Ìmol/l). At this concentration the hypodiploid cell subpopulation increased in all cultures but to very different degrees. The most toxic substance 5-O-PN induced apoptosis during the first day of exposure particularly at the G 1 and G 2 stage of the cell cycle and this effect was noticeable even at 5 Ìmol/l.
The cellular proliferation dynamics can be monitored by CFSE labelling ( fig. 3) . The different effects of the four compounds suggest that there are quantitative or qualitative differences between the target molecule(s) for each substance. While 6-DMAN and 7-O-PN led to a general slow-down of cell proliferation, the other compounds revealed that the exposed cells may react differently. For example, in case of 8-PN some cells do not cycle after exposure and do not re-enter the cell cycle (and finally undergo apoptosis), while another cell population appears to show little effect. The reason for the different behavior is not clear. Concentration differences in the cells may account for the differences, but alternative explanations must be considered when asynchronously cycling HL-60 cells are stressed by a physical stressor (heat shock) and hence are exposed to exactly the same stress, also cycling and cell cycle-arrested cell populations can be distinguished [40] . Further experiments using synchronized cell cultures are required to test if sensitive phases of the cell cycle may account for the observed effects.
The interaction of quercetin with planar lipid bilayers has been studied in some detail [41] . Quercetin as well as naringenin [42] have an affinity for the hydrophobic membranes and some of their biological activities may be explained by this interaction. Lowering of the pH favors the lipophilic nature of, for example, naringenin [42] . Flavonoids may affect the membrane potential and, furthermore, produce stress in the bilayer packing thus changing barrier functions. The interactions of flavonoids with the membrane interface seems to be governed partly by the number of hydroxyl groups [for critical discussion, see 43] . Flavonoids with more hydroxyl groups show stronger interactions with each other and the lipid bilayer. Our test substances possess few hydroxyl groups, but acyl or prenyl side chains instead. From these and many other studies the picture emerges that the biological effects of flavonoids are a to large extent governed by the degree of hydrophobicity and the radical scavenger activity.
The concentration of oxygen and ROS in cells and tissues is tightly controlled. An excess of ROS is toxic and hence ROS production by menadione induces oxidative stress in the exposed cells. These ROS inside cells are believed to be formed through the one-electron reduction of quinones to semiquinone radicals which can rapidly reduce dioxygen to form superoxide anion radical and, subsequently, hydrogen peroxide, hydroxyl radical, and singlet oxygen by dismutation of the superoxide anion radical [44] . Exposing these cells to menadione the antioxidative potential of flavonoids can be tested. Quercetin, for example, is a scavenger of O -2 , NO W , HO W , peroxy radicals and thus reduces the effect of ROS [31] . To study the antioxidative potential of the 4 flavanones, HL-60 cells were loaded with ROS-sensitive dyes DCF, DHR, HE and DAF. These dyes are effective indicators of different spectra of reactive oxygen (or nitrogen) species and have been widely used to monitor changes in the ROS level within cell cultures including following treatment with plant extracts and certain natural compounds [29, 31, 45] . The tested flavanones were shown to be ineffective as ROS scavengers as compared to the flavonol quercetin.
Several structural features of flavonoids determine their antioxidant properties and among the identified structural properties most relevant for the present discussion are: (i) an OH group in position 3 of the C-ring; (ii) a double bond at position C2-C3, and (iii) the number of OH groups substituted on the B-ring, especially in position C-3) [46] . While quercetin possesses most of these properties, the naringenin derivatives do not. Among the tested flavonoids the number of OH groups varied in a wide range: quercetin has most OH groups (n = 5), while 5-O-PN has no hydroxyl group at all. If the strong hydrophobicity of 5-O-PN is the reason for the strong toxicity remains to be studied.
The mitochondrial membrane potential is produced by the proton pump and a reduction in the potential indicates attenuated or abolished ATP production. The potential loss can be temporary and may occur spontaneously [47] . In some cases the potential loss may indicate an early step in the apoptotic pathway. Flavonoids were reported to interfere with the energy generation inhibiting the electron transport system. The flavonol quercetin, for example, inhibited NADH oxidase activity while the flavanone naringenin at the same concentration had little inhibitory effect [48] . These and additional data led the authors to suggest that the 2,3 double bond is important for flavonol inhibition of NADH oxidase. Additional hydroxylation in the B-ring to yield a pyrogallol structure further increases the inhibitory activity. Quercetin is also an inhibitor of mitochondrial ATPase [49] , while naringenin is not [48] . These reports offer an explanation for the observed decreased mitochondrial membrane potential in quercetin-treated cells as well as a rational for the lack of effects in cells exposed to the naringenin derivatives.
